In this analysis, we used social network and spatial data to examine associations between people's drug injection status and their social and/or spatial proximity to others who injected drugs. We recruited 503 rural Kentucky residents who used drugs to participate in the Social Networks among Appalachian People (SNAP) Study (2008)(2009)(2010). Interviewer-administered surveys collected information on recent (past 6 months) sex, drug-use, and social-support network members (n = 897 ties). Using network simulations, we determined a threshold for the association between social proximity to others who injected drugs and recent injection status ("socially proximal" was defined by a shortest path ≤2). We defined "geographically proximal" as the median road-network distance between pairs of individuals who both injected drugs (≤7 miles (≤11.2 km)). Logistic regression was used to determine the independent and joint associations between the number of socially and/or geographically proximal injecting peers and a person's injection status. After adjustment, the odds of recent injection increased by 0.4% for each injecting peer who was geographically proximal but not socially proximal, 12% for each geographically and socially proximal injecting peer, and 22% for each injecting peer who was socially proximal but not geographically proximal. When implementing networkbased interventions which promote cessation of injection drug use, investigators should consider collecting sociometric network data to examine whether the intervention diffuses through the network and whether there are additive or threshold effects.
among individuals within networks because of their shared physical and/or social environment, network norms/relationships, or both. Similarly, spatial clustering of risk behaviors may be partially attributed to network relationships and social norms. Most research on the "risk environment" has been conducted in urban settings, and it is unknown whether findings can be generalized to rural settings, where geographic mobility, population density, and network structure may differ. The current analysis addresses these gaps. We used a combined approach to understand the relative influence of network and spatial components of the risk environment in a rural setting. We examined 1) whether a person's injection status was associated with social and/or geographic proximity to others who did and did not inject drugs, 2) the social distance at which peer injection status remained associated with a person's injection status, and 3) whether a person's odds of injecting drugs increased with each additional socially and/or geographically proximal injecting peer.
METHODS

Sample
The data for this analysis were collected through baseline assessments (2008) (2009) (2010) in the Social Networks among Appalachian People (SNAP) Study, an ongoing longitudinal study which examines risk factors for HIV, HCV, and sexually transmitted infections in a cohort of 503 persons who use drugs in rural eastern Kentucky. The methods of the SNAP Study have been described in detail elsewhere (23) . Briefly, participants were recruited using respondent-driven sampling (24) ; intervieweradministered surveys collected information on demographic characteristics and risk behaviors; and a social network inventory collected information about recent (past 6 months) druguse, sex, and social-support network members. The protocol was approved by the Institutional Review Board at the University of Kentucky, and a Certificate of Confidentiality was obtained from the National Institutes of Health. Participants were compensated $50.
Network data
Participants provided the first name and last initial of each person with whom they had had sex, with whom they had used drugs, or on whom they had counted for emotional, financial, material, or informational support in the last 6 months. Participants could list up to 8 names for each name-generating question, for a maximum of 24 network members. For each name listed, data on demographic characteristics were also collected. Network member names and demographic characteristics were cross-referenced with those of other study participants and network members named by other study participants. If at least 1 individual indicated a relationship with another participant, a tie was considered to be present (i.e., undirected ties). If tie confirmation was questionable, community-based interviewers were queried for their knowledge of existing network linkages. This resulted in 897 ties, 34% of which were recruitment ties and 22% of which were ties to peers people reported injecting drugs with.
Analytical approach
Network analysis. Figure 1 displays all confirmed ties (i.e., drug-use, sex, and social-support ties) by injection status (past 6 months), mapped using the open-source software Cytoscape (25) . We calculated the geodesic distance, or the shortest path between each pair of individuals in the data set, using the R (R Foundation for Statistical Computing, Vienna, Austria) statistical system (http://cran.r-project.org/). Because isolates have infinite geodesic distances, isolates were excluded from this analysis. Using network simulations, we 1) examined whether peer injection status was associated with an individual's injection status, beyond what could be explained by chance, and 2) identified a threshold for the association between peer injection status and recent injection status. To do so, we compared the observed network with a null distribution (1,000 randomly generated networks with the same network topology (i.e., arrangement of nodes) and injection prevalence, but with injection status distributed randomly) using R (26) . We calculated the risk that an individual injected drugs given that a network member injected for pairs of individuals separated by 1-6 degrees in the observed and simulated networks. The risk ratios calculated in each of the 1,000 simulated networks were ranked, and the 25th and 976th observations were taken to represent the 95% confidence limits for the null distribution. If the observed risk ratio was not included within these bounds, it was considered significantly different from what could be expected by chance (P < 0.05) ( Table 1) . Based on these network simulations, which suggested that a person's injection status was associated with the injection status of others who were either directly or indirectly connected to him/her via 1 intermediary individual (P < 0.05), we created a binary variable to represent "socially proximal" peers (i.e., those separated by ≤2 degrees).
Spatial analysis. Participants' residential addresses were geocoded using ArcGIS 10.1 (ESRI, Redlands, California) and ESRI's North American Street Map data (27) . Participants who did not provide complete addresses or whose addresses could not be geocoded were not analyzed (final n = 491). Participants whose addresses could not be geocoded were not significantly different from those whose addresses were geocoded in terms of age, race, sex, or education. Using the network analyst extension in ArcGIS 10.1 and the North America Detailed Streets layer package (27) , we computed the shortest roadnetwork distance between each pair of participants using their residential addresses. Based on the median distance between pairs of individuals who both injected drugs, we used 7 miles (11.2 km) as a cutpoint to distinguish between geographically proximal and distant pairs. Notably, all participants included in the network analysis described above, with the exception of those who could not be geocoded, were included in the spatial analysis. To test the sensitivity of our findings to the criteria used to define "geographically proximal," we repeated our analysis using a threshold informed by the average road-network distance between recruiter-recruit pairs (≤4 miles (≤6.4 km)) (24) . Although effect sizes varied slightly, the significance and implications of the study findings did not differ when the cutpoint used to define "geographically proximal" was altered.
Combined analysis. Using the cutpoints defined above for "socially proximal" (shortest path ≤2 degrees) and "geographically proximal" (≤7 miles (≤11.2 km)), we created variables to represent the number of peers who did and who did not inject drugs who were 1) socially proximal, 2) geographically proximal, 3) socially but not geographically proximal, 4) geographically but not socially proximal, and 5) both socially and geographically proximal. This resulted in 10 different summary measures representing counts of network members: 5 for peers who injected drugs and 5 for peers who did not inject drugs. Measures were descriptively compared with χ 2 statistics and t tests (for categorical and continuous variables, respectively), and multivariable logistic regression was performed using SAS software, version 9.4 (SAS Institute, Inc., Cary, North Carolina) (28) to determine the independent and joint associations between socially and geographically proximal injecting peers and injection status.
RESULTS
Baseline characteristics have been previously described (23, 24, 29, 30) . Specific to this sample, the median age was 31 years (interquartile range, 26-38), 57% were male, 74% reported injecting illegal drugs in the past 6 months, and 43% were anti-HCV-positive based on a third-generation enzyme immunoassay using dried blood-spot specimens. Among those who reported injecting illegal drugs in the past 6 months, all reported using opiates, 93% reported injecting opiates of some kind, and 92% reported injecting prescription pain relievers. Other drugs that participants reported injecting included cocaine (41%), heroin (11%), cocaine and prescription opiates together (8%), prescription stimulants (5%), prescription benzodiazepines (4%), methamphetamine (2%), heroin and cocaine together (1%), and "some other opiate" (4%).
Spatial analysis
As Table 2 shows, the mean geographic distance between SNAP participants was 9.96 miles (15.9 km), and the mean distance between pairs of SNAP participants who injected drugs (8.73 miles (14.0 km)) was significantly less than the mean distance between pairs of SNAP participants who did not inject drugs (9.82 miles (15.7 km)) (P < 0.0001). 
Network analysis
The mean shortest path between participants was 6.59 degrees ( Table 2 ). Figure 1 displays all SNAP participants with at least 1 drug-use, sex, or social-support tie to another SNAP participant. As Table 1 shows, the observed risk of injection was 1.24 times higher for study participants who were directly connected to another participant who reported injecting drugs (i.e., 1 degree of separation) and 1.10 times higher for those connected by 2 degrees to another such participant (P < 0.05). Notably, 76.9% and 79.0% of individuals were connected to 1 or more people who injected drugs by 1 degree and 2 degrees, respectively.
Combined analysis
As can be seen in Table 2 , the geographic distance between SNAP participants increased as the social distance between pairs increased. For example, the mean distance between SNAP participants who were not socially connected was significantly greater than that for those who were socially connected (12.69 miles (20.3 km) vs. 8.89 miles (14.2 km); P < 0.0001), and it increased with social distance (P < 0.0001 for linear trend); people who were directly connected were a mean of 6.19 miles (9.9 km) apart, as opposed to 13.67 miles (21.9 km) apart for those separated by the maximum shortest path. Further, for each unit increase in shortest path length, the geographic distance between peers increased by an average of 0.52 miles (0.8 km) (P < 0.0001; data not shown in tables). Web Figure 1 (available at https://academic.oup.com/aje) displays the intersection between social and geographic distances for 1) all pairs, 2) pairs in which both persons injected, 3) pairs in which both persons did not inject, and 4) pairs in which one person injected and the other did not.
As Table 3 shows, the odds of injection increased with each additional injecting peer; however, the odds of injection did not decrease with each additional noninjecting peer. Having socially proximal injecting peers was more strongly associated with injection drug use than having geographically proximal injecting peers (i.e., 19% increased odds of injection for each additional peer vs. 0.2% increased odds). Further, when injecting peers were categorized on the basis of their social and geographic proximity, having peers who injected drugs who were socially but not geographically proximal was associated with the greatest per-unit increase in the odds of injection (odds ratio = 1.21, 95% confidence interval: 1.12, 1.31). The odds of injection increased by 17% (odds ratio = 1.17, 95% confidence interval: 1.12, 1.23) for each additional geographically and socially proximal injecting peer.
Based on our assessment of potential confounders (Table 4) , we adjusted for anti-HCV status in the final multivariable model (Table 5 , model 3). After adjustment, the odds of injection increased by 0.4% for each additional geographically but not socially proximal injecting peer, 12% for each additional geographically and socially proximal injecting peer, and 22% for each socially but not geographically proximal injecting peer. Although each additional injecting peer was associated with a corresponding increase in the odds of injection, socially proximal peers had greater weight, and those who were socially but not geographically proximal had the greatest weight. Further, , where s is the sample deviation of the observations and N is the number of valid observations. The t value in the formula is computed based on the number of degrees of freedom being N − 1 and the P value being 1 − α/2, where α is the confidence level, 0.95. b 95% CIs were calculated using the LOGISTIC procedure in SAS 9.4, and each is the Wald CI of an individual odds ratio. The Wald CI for β j is given by β ± α −α z j j 1 /2 , where z p is the 100th percentile of the standard normal distribution. β j is the maximum likelihood estimate of β j , and α j is the standard error estimate of β j . we observed an interaction between the number of injecting peers who were geographically but not socially proximal and the number who were socially but not geographically proximal (Table 5 , model 2).
DISCUSSION
HCV is prevalent in this cohort (31) , and there has been a recent increase in the number of acute HCV infections reported in the Appalachian states (32) . Since many of these infections are attributed to injection drug use among people living in nonurban settings (32) , it is important to understand the social context of injection drug use so that efforts can be made to reduce future HCV transmission and other adverse health outcomes associated with injection drug use. In this sample, an individual's injection status was positively and statistically significantly associated with having more socially proximal peers who injected drugs, and the association extended beyond direct ties to persons who were separated by ≤2 degrees. This is consistent with other studies in which researchers reported 1) a threshold of 3 degrees of influence for smoking, obesity, happiness, and loneliness (33-36) and 2) an increased prevalence of syphilis among persons directly or indirectly connected via peer-recruitment linkages to other study participants with syphilis (37) .
Our findings have public health relevance, as interventions that change one person's injection behaviors could have cascading effects on the behavior of others who are socially connected to that person by up to 2 degrees. Because an individual's injection status is associated with the number of peers who inject drugs within 2 degrees of separation, it is possible that cessation of injection may similarly be associated with social norms among people who are socially proximal. For example, a person's likelihood of cessation may be additive (i.e., may increase with each additional peer who stops injecting) or may be dependent on a threshold of influence (i.e., may occur only when a certain number or proportion of network members quit). As with smoking cessation (33), a person's decision to stop injecting drugs may reflect the decisions of others who are directly and indirectly connected to him/her.
Although network-based interventions can be more effective than individual interventions in promoting behavior changes (38, 39) , most current network-based interventions for reducing drug use and sexual risk behaviors are not designed to evaluate either of these processes. In most cases, intervention studies enroll a group of index participants who are randomized to either the intervention group or the control group. Index participants are asked to refer risk partners, who complete a survey but are not exposed directly to the intervention; their only exposure to the intervention is through the index participant who recruited them. As a result, researchers who implement most peer-driven interventions are not able to examine the cascading impact of an intervention beyond direct ties to include persons connected by ≥2 degrees of separation. In the absence of more detailed network data, this study design can only capture diffusion of the intervention from index participants to the network members they recruit. Further, the absence of more detailed Abbreviations: CI, confidence interval; HCV, hepatitis C virus; OR, odds ratio; SNAP, Social Networks among Appalachian People. a The adjusted ORs were calculated using the LOGISTIC procedure in SAS 9.4 (28) and represent the OR for each model parameter, given the other parameters included in the model. b The 95% CIs were calculated using the LOGISTIC procedure in SAS 9.4 (28) and represent the Wald CI for an individual OR, given the other parameters included in the model. c Model 1 accounted for only 2 parameters: 1) the number of injecting peers who were socially but not geographically proximal and 2) the number of injecting peers who were geographically but not socially proximal.
d Model 2 accounted for 3 parameters: 1) the number of injecting peers who were socially but not geographically proximal, 2) the number of injecting peers who were geographically but not socially proximal, and 3) the interaction between the two. The P value for the interaction was 0.025. Because of this interaction, as the number of injecting peers who were geographically but not socially proximal increased, the additional odds of injection associated with each additional socially proximal but not geographically proximal injecting peer were reduced only slightly.
e Model 3 accounted for 1) the number of injecting peers who were socially but not geographically proximal, 2) the number of injecting peers who were geographically but not socially proximal, 3) the number of injecting peers who were both socially and geographically proximal, and 4) anti-HCV status, the only individual-level parameter which retained statistical significance after adjustment for the number of socially and/or geographically proximal injecting peers.
f Interaction between the number of injecting peers who were socially but not geographically proximal and the number of injecting peers who were geographically but not socially proximal.
information on the relationships between participants precludes the ability to test for additive effects (i.e., where one's likelihood of behavior change increases as more network members change their behaviors or are exposed to the intervention) or threshold effects (i.e., where individual behavior change occurs only when the behaviors of a set number or proportion of social network members also change or when a set number or proportion of network members are exposed to the intervention). Future networkbased interventions designed to reduce injection risk behaviors or promote injection cessation might benefit from the collection of sociometric network data so that both of these aspects can be examined to more accurately assess or measure how behavior change diffuses through a network following the intervention. Network interventions in other settings have also shown that diffusion of an intervention may vary based on who receives the intervention (i.e., nominated peers vs. randomly selected individuals vs. highly connected individuals) (40) .
Because the ties in our sample were undirected, we were unable to make any causal inferences; however, the association between a person's injection status and the number of injecting peers was much stronger for peers who were socially proximal than for those who were geographically proximal. This suggests that in this sample, a person's injection status was more strongly associated with the behaviors of those with whom he/she interacted (directly or indirectly) than with the prevalence of injection drug use among peers in close geographic proximity who he/she may have been less likely to interact with. Further, the statistical interaction we observed in model 2 of Table 5 suggests that in contexts where injection drug use is more prevalent (i.e., more injecting peers who are geographically proximal but with whom the person does not interact socially), the added effect of each additional socially proximal injecting peer is slightly smaller than it is in contexts where there are fewer people in close geographic proximity who inject.
Our findings also have implications for evaluating the adoption of safer syringe practices following recent legal changes in Kentucky. In response to the recent HIV outbreak in neighboring rural Indiana among persons injecting prescription opioids (41) and the high HCV incidence in Kentucky (42), Senate Bill 192 was passed into law in Kentucky on March 25, 2015 . This bill permits the provision of sterile syringes via local health departments (43) . Although Kentucky law still prohibits the sale or distribution of drug paraphernalia (i.e., syringes) (44, 45) , under this bill, syringes obtained through syringe exchange programs (SEPs) are exempt from this classification. Among persons enrolled in our cohort (prior to the bill's passage), 30% of those who reported injecting illicit drugs in the past 6 months reported having done so with a dirty needle (i.e., one that someone else had used first and that had not been sterilized or cleaned with bleach before use), and over half (54%) of those who reported using a dirty needle reported doing so because there was only 1 needle available. Even though pharmacists are permitted to sell syringes, they are legally required to collect the following information for each syringe sale: 1) purchaser's name and address, 2) quantity of syringes/needles purchased, 3) purchase date, and 4) planned use of the syringes/needles (45) . Further, these records are required to be maintained for at least 2 years and are available for inspection by law enforcement officers. As a result of these legal restrictions and other barriers (i.e., judgmental attitudes among some staff in pharmacies, needing to lie about being diabetic, inconvenient hours (46)), fewer than 10% of SNAP participants who reported injection drug use (past 6 months) reported obtaining syringes from pharmacies. In the context of recent legal changes and the launch of SEPs in Kentucky and neighboring West Virginia, it will be important to examine how geographic and social proximity to other persons who use SEPs (i.e., access to syringes and harm reduction materials/services) are associated with behavior changes among those who do not use SEPs (i.e., through diffusion of behavioral norms and/or secondary exchange) and similarly whether SEP use is influenced by geographic and/or social proximity to others who use SEPs.
A few limitations should be acknowledged. In order to examine whether the association between peer injection status and one's own injection status differed by geographic and social proximity to each peer and whether geographic and social proximity to peers acted independently or interacted, we created binary variables to categorize peers on the basis of their geographic proximity (≤7 miles (≤11.2 km) vs. >7 miles (>11.2 km)), social proximity (≤2 degrees of separation vs. >2), and injection status in the past 6 months (yes vs. no). Notably, the resulting variables used in our analyses were count variables, which represented the total number of peers based on their geographic proximity, social proximity, and injection status. One advantage of categorizing peers using thresholds for the proximity measures is that it simplifies the interpretation of study findings and can inform the development of practical intervention strategies for altering injection practices. However, in simplifying our analytical approach, it is also possible that some nuances were masked.
The generalizability of our findings is also limited. First, the geographic landscape and the primary mode of transportation in the study area are 2 key variables which are context-dependent. This study was conducted in a mountainous region of eastern Kentucky, where public transportation is unavailable and the primary mode of transportation is driving. In this study sample, 37% of participants had independent access to transportation (i.e., had a valid driver's license and owned a car). Based on data from the US Census, the average commuting time to work was 21 minutes for persons living in the area. In this study's setting, 7 miles or 11.2 km (the median distance between pairs of individuals who injected drugs) corresponds to an approximately 11-to 19-minute drive, depending on whether main roads or local roads are used (47) . Notably, our analytical approach was strengthened by the fact that we used road network distances rather than Euclidean distances. This is an important strength, given that the mountainous landscape of this region can result in dramatically different findings when Euclidian and roadnetwork distance measures are used. Because roads typically wind around mountains rather than cut through them, roadnetwork distances tend to be longer than Euclidean distances in this context.
Finally, because this network represented only ties among SNAP participants, it is possible that some individuals may have been connected to others who injected drugs but their social connection was not captured in our analysis because these individuals were not part of the SNAP sample. It is also possible that persons who were omitted from the network analysis due to their not being SNAP participants may have been bridges between other SNAP participants, thereby reducing the social distance between some pairs of SNAP participants. Despite these limitations, the networks in this study represented real-life linkages (some of which were peerrecruitment linkages), similar to those that would be generated with a network-driven intervention used in the field. Consequently, our findings demonstrate the feasibility of reaching persons who inject illegal drugs to target them with interventions that promote injection cessation. In this setting, where the network association with injection status was greater than the spatial/geographic association, network-based interventions which target drug injectors who are more centrally located in the network to promote injection cessation could result in larger reductions in the prevalence of injection in the network overall, via diffusion of the intervention message and changes in injection norms.
